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Abstract 
A review has been undertaken of small scale injection projects of less than 100,000 tonnes (t) of CO2 from around the world, 
with the objective of assisting countries or organisations wishing to embark on their first CO2 injection test, in a cost effective, 
time efficient and safe manner. 
The mean amount of CO2 injected per project was approximately 1,000 t; only 9 out of the 45 projects had injected more than 
10,000 t. Costs varied greatly from less than $1 million to $100 million, with the mean total cost in the range of $10-20 million. 
Half of the projects were based on injection into sandstone reservoirs, although a significant number (28%) involved injection 
into coals. The source of the CO2 was quite variable; the majority of the CO2 was transported by truck to the site. The depth of 
injection ranged from approximately 300m to over 4,000m but averaged around 1,200m. The time taken from making the 
preliminary decision to undertake a project to injection of the first molecule of CO2 was variable but averaged approximately 
three years. 
Generally, small scale projects are opportunistic, typically initiated by research organisations; they rely on an alliance with 
industrial partners for operational expertise and access to suitable locations. In most small scale projects, pre-drill reservoir 
characterisation consists of the integration of pre-existing geological and hydrological data. Saline reservoir sites are usually data 
deficient. Reservoir simulations are performed routinely, using a variety of codes, to assess CO2 injection tests and provide 
valuable information for system design, permitting, and monitoring. The simulations are also useful for providing a systematic 
framework for integrating site characterisation data, visualisation of model results provide a valuable communication tool. 
Documentation of storage risk assessment by projects was limited. Monitoring programs for the test injection projects were 
opportunistic to some degree, utilising existing data to help in establishing a baseline and commonly utilising existing wells for 
down-hole observations and monitoring-based sampling. Nearly all projects undertook pressure and temperature monitoring as a 
standard. These small scale projects offer a cost effective way of demonstrating storage technologies in CCS, assisting the 
progression towards large scale injections. 
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1. Introduction 
Small scale CO2 injection projects provide real world experience in CCS operations, to industry, government and 
researchers at a modest cost. Many are undertaken with the intent of it providing the lead-in to a much larger CCS 
project. They also offer tangible field evidence of CCS deployment and the opportunity to “kick the tyres”, thereby 
providing a powerful counter to the criticism that the technology is “unproven”. For all of these reasons, small scale 
projects are an important part of the continuum needed for taking CCS forward to a commercial scale in a timely 
and cost-effective manner. With over 40 small scale injection projects undertaken recently around the world, an 
important question to now address is: ‘What have we learned from small scale injection projects?’ 
A number of summary reports have been compiled for individual storage projects, including large scale injection 
projects such as Sleipner [1] and Weyburn  [2,3] as well as for small scale injections such as Frio [4], Pembina  [5], 
the USDOE Regional Partnerships [6], Ketzin [7,8], Altmark [9] and Otway [10,11]. Metz et al. [12] and Gluyas and 
Mathias [13] summarise a number of projects and CO2CRC [14] has reviewed existing best practice manuals. Some 
of these publications provide operational and related details, but normally it is the scientific highlights of projects 
that are published, rather than the operational, management or technical details. Whilst this is entirely 
understandable from a research perspective, it can mean that important practical/operational information is lost that 
might be valuable to future projects. 
In 2012, the IEAGHG Programme commissioned CO2CRC to undertake a review of small scale injection 
projects (defined for the purposes of this study as up to 100,000 t of CO2), including where possible, technical and 
operational information, with the objective of assisting countries or organisations that wish to embark on their first 
CO2 injection test, in a cost effective, time efficient and safe manner. 
The review, which was completed in late 2013, compiled data for more than 40 small scale projects from around 
the world (Fig. 1) most, though not all of which had been successfully taken to injection. One of the surprises in 
compiling the information was the difficulty encountered in obtaining much of the information; for the most part, 
scientific journals are not interested in publishing technical or management or operational details and therefore it is 
necessary in many instances for the project to itself make such information available whether in hard copy or 
electronically or through personal communication. It was also decided to collect information on 43 large scale 
projects for comparison purposes and as a way of determining the relevance of small scale injections to large 
scale/commercial projects, but this paper is solely concerned with the small scale projects. 
2. Features of small-scale projects 
Geographic distribution (Fig. 1) clearly demonstrates the relative abundance of small scale projects in North 
America, compared to the rest of the world, perhaps reflecting the success of the Regional Partnership program in 
encouraging projects, coupled with the availability of CO2. There may be some locations that should be shown as 
sites of multiple small scale injections.  The relative lack of new projects in Europe may be improved through the 
two recently announced projects in the UK. But some European countries or regions have banned onshore storage, 
which is obviously an inhibition to undertaking small scale projects, given the high cost of undertaking any project 
offshore – large or small. Only one small scale Chinese project and two in Japan were reviewed; others are planned 
but were not sufficiently mature to include. The comparative abundance of small scale injection projects in Australia 
reflects the fact that two distinct projects have been undertaken at the one site (Otway) and the inclusion of the three 
nominated Flagship projects which propose to include initial small scale injections (which may or may not happen).  
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Figure 1. Location of small-scale CO2 injection projects. 
2.1. Project objectives and lead times 
A clear statement of project objectives was sometimes difficult to find in project synopses, with half of all 
projects just described as ‘trial’ or ‘test’ projects (Fig. 2). A number (16%) were tests that were intended to precede 
larger scale projects. For example several Regional Partnership small scale tests precede anticipated (Stage 3) larger 
tests. Conversely some projects, for example Zerogen, were planned as large scale projects, but because project 
objectives changed or were not always attainable, the project ended up as a small scale test. About one-third of 
projects were classified as ‘research’ but the specific purpose of the research was not always spelt out. Where 
projects offer the opportunity to undertake activities beyond their initial aim of demonstrating storage, they 
sometimes evolve to answer specific questions, such as whether a particular monitoring technique can be applied or 
developed (as in the case of the Ketzin Project) or to determine residual CO2 trapping (as in the case of the Otway II 
Project).  
The lead time for a project (the time from the project first being proposed to injection of the first molecule of 
CO2) shows no obvious trend, with the ‘lead time’ ranging from as little as one year to six years or more. Part of the 
difficulty here was to identify the point in time when a project was considered to have started. Was it when the idea 
was first conceived, or the money obtained, or when it was approved by the regulator? Few projects provided a 
detailed timetable/Gantt chart to indicate their progression. This uncertainty aside, the lead time is likely to be 
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related to whether or not the project was conducted at a green fields site where it was necessary to collect a lot of 
new information, or at a brownfield site such as an existing petroleum tenement where the geology, the injectivity 
and the reservoir model were well known, Obviously issues such as the time taken to conclude stakeholder 
agreements and finalise funding also have a major impact on timing. 
 
 
Figure 2. Distribution of purpose (left) and ownership (right) for small-scale projects. 
2.2. Ownership, governance and funding 
Small scale projects have a variety of ownership arrangements and even the use of the term “ownership” is 
questionable in some cases, with “under the control of” perhaps being more appropriate. Research alliances own 
44% of injection projects and research organisations 16% (Fig. 2). However the distinction between ‘research 
organisation’ and ‘research alliance’ is not always clear. For example, CO2CRC is funded as a research alliance, but 
also is a limited company with the status of a research organisation. Energy companies own 23% of all projects and 
governmental bodies 17%. Although it is clear that research alliances are the single most important ‘owners’ of 
small scale projects, in most cases, the alliance may not own, or operate the storage site, but is the overall manager 
of the project. Therefore the picture of ownership, management and operation of projects can be quite complex and 
is seldom described in any detail. 
Few projects provide information on funding arrangements and there is always a high degree of uncertainty in 
comparing project costs because they are never done on the same basis. Some projects include in-kind contributions 
and staff time in their costs but others do not; some have to purchase CO2 whereas others get it at little or no cost. It 
is also very difficult to compare costs between countries, given the variations that occur in exchange rates, as well as 
the differences in operational and wage costs. Nonetheless an attempt has been made to try to summarise project 
costs in US dollars (Fig. 3).  
Project costs range from as little as $1 million for the MGSC Tanquary Project, to approximately $100 million 
for the Mountaineer PVF project and $80 million for the Lacq-Rousse Project. Several of the ECBM projects appear 
to have exceptionally low costs, probably because virtually all the costs were met by the gas company and therefore 
do not appear on the project’s balance sheet. If these low cost ECBM projects are excluded, then the range of costs 
for small scale projects is of the order of $4-40 million, with a mean value of approximately $15-20 million. 
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Figure 3. Indicative cost of small-scale projects in US$ (2013). Note the use of a log scale. 
2.3. Source and transport of CO2 
Securing a source of CO2 is one of the most vital issues for any project. Figure 4 shows that approximately 40% 
of projects use a geological source of CO2 with approximately 30% sourced from gas processing. Approximately 
20% of projects have used food grade CO2 (usually at a cost of up to ten times that of geological CO2. In terms of 
the long term aim of CCS to make deep cuts in emissions from coal-fired power plants, there would be obvious 
merit in having far more than 5% of small scale projects using combustion-based CO2 for injection. However, given 
the current high cost of capturing the CO2 from flue gases, most projects opt for geological or natural gas sources. 
Notable exceptions include the Mountaineer PVF Project which used CO2 separated from a slipstream of flue gas 
from a coal-fired power plant, the Lacq-Rousse Project which used CO2 sourced from an oxyfuel plant, and the 
Ketzin Project which injected some CO2 from the Schwarze Pumpe oxyfuel pilot plant.  
The dominant mode of transport of CO2 for small scale projects (Fig. 4) is by road (truck), because it is cheaper 
and more flexible to use road transport for small quantities of CO2 than to install a pipeline for small quantities. An 
exception to this is the Otway Project which built a short pipeline from its dedicated source of (geological) CO2. In 
the USA, it is sometimes only the final relatively short distance from a pipeline to the project site that is by road. So 
far, no project is based on ship transport. 
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Figure 4. Type of CO2 source (left) and method of CO2 transport (right) for small-scale projects. 
2.4. Injection volume and depth 
The quantity of CO2 injected is often seen as an important metric. Realistically, a project that injects just a few 
tonnes of CO2, may provide the basis for answering some important scientific question, but will not have same 
public, or political impact as injecting a “commercially significant” quantity, such as 20,000 or 50,000 t of CO2. The 
review showed that there is a continuum in terms of the amount of CO2 injected (Fig. 5), but approximately half of 
all small scale projects involve injection of 1,000 t or less of CO2, one-quarter were in the range of 1,000-10,000 t 
and one-quarter were in the ‘commercially-significant’ range 10,000 to 100,000 t. As the approach to storage 
becomes more mature within a region/country, the amount injected will increasingly be tailored to the question 
being asked. Well formulated questions that are effectively answered by well conducted experiments with modest 
amounts of CO2 injected, could allow a large scale project to progress more speedily and cost effectively than a 
seriatim approach of multiple injections with each injecting progressively more CO2 than the last.  
Injections depths range from as shallow as 300m (e.g. PCOR Lignite) to over 4,000m in the Lacq-Rousse Project 
(Fig. 6). Almost half the projects had injection depths of 800m or less, most of these in coal basins, where obviously 
a major driver was to investigate ECBM. Once the threshold for supercritical CO2, of approximately 800m, is 
crossed, then the deciding factor on depth is likely to be the suitability of the geology and the specific objective(s) of 
the project. Overall, the depths being tested for commercial projects are consistent with the “commercially –
significant” depths of injection. 
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Figure 5. Total quantity of CO2 injected in small scale projects (on a logarithmic scale). 
 
Figure 6. Injection depths (where a depth range is given for a project, the value has been averaged). 
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2.5. Lithology and storage type 
Some projects have been undertaken to demonstrate the potential for storage in particular lithologies (Fig. 7) 
notably sandstones (50% of projects) or carbonates (17%), coal (30%) and 3% (two projects) in basalt. This 
compares with 75% of large scale projects in sandstone reservoirs, 17% in carbonates, and 8% in coals. Overall the 
small scale projects do seem to reflect fairly well the reservoir preference for large scale projects and the general 
perception of the storage potential of these lithological types. Coal seems to attract a disproportionately high level of 
research interest, compared to the estimate of its global storage capacity (IPCC Special Report on CCS). Perhaps 
this is a result of a wish to see the potential benefit of enhanced coal bed methane, and a general ease of access for a 
small scale injection. 
The small scale projects are divided into five storage categories. Deep saline aquifer (DSA) tests are the single 
most important (Fig. 7). Approximately a quarter of all tests related to coal bed methane production (ECBM) and 
rather fewer related to enhanced oil recovery (EOR). Less than 10% of tests have been undertaken in depleted oil 
and gas fields (DOGF) and basalt tests are rare. How does the profile of large scale projects compare with small 
projects? DSAs are again the single most important large scale reservoir tested (approximately 50% of all projects), 
but EOR at 34% is obviously and not unexpectedly, far more common in large scale project than in small scale 
injections. In fact the boundary between what is a DSA and what is EOR in some projects is somewhat uncertain in 
that some injections may be undertaken into reservoirs that have residual oil in some places and not others, or the 
injection may be initiated in the water leg of a depleted structure; a number may fall into both categories. However 
ECBM is far less common at large scale than in small scale injections. 
 
Figure 7. Range of reservoir lithology (left) and types (right) of small-scale projects. Bs = basalt, DOGF = depleted oil or gas reservoir, DSA = 
deep saline aquifer, ECBM = enhanced coal bed methane operation and EOR = enhanced oil recovery project. 
2.6. Site characterisation 
Schematic work flows for detailed geological characterisation have been documented in a number of 
publications, often developed on the basis that the process starts with the search for a green field site and finishes 
with the decision point of moving to a commercial project. However, most of the projects reviewed were found not 
to fit into this pattern and were not green field sites which commenced with an assessment of regional geology then 
progressively narrowing down to detailed characterisation. Many part projects were associated with existing oil or 
gas developments with access to pre-existing datasets. Six out of eleven deep saline aquifer tests reviewed were 
conducted within, or adjacent to producing or depleted oil or gas fields. Other saline aquifer tests were sited 
proximal to a power plant or a major source of industrial CO2, where the storage formations were well known 
regionally through petroleum exploration or deep waste injection wells. 
In most small scale projects, pre-drill reservoir characterisation consisted of the integration of regional geological 
and hydrogeological data. Generally the preferred storage reservoir had already been identified from the regional 
geology, particularly where it was a petroleum producing formation elsewhere in the region. Several projects 
reported “project created” geological models without giving further details.  
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Drilling solely for stratigraphic information was rare, with most projects prioritising the drilling of an injection 
well, though this generally also provided stratigraphic data to supplement the existing dataset, including acquiring 
data on the sealing formations which are infrequently sampled in standard petroleum developments.  
A key objective of most small scale storage projects is to manage risk and demonstrate safe and effective 
underground storage of CO2. However there is limited publicly available documentation of storage risk assessment 
for small scale injection projects, despite its importance to regulators and other key stakeholders. It is interesting to 
also note that although effective public outreach is seen as an important metric of a successful project, it is not 
usually given as a primary aim of most projects. This is despite the fact that projects frequently devote significant 
effort to it, in recognition of the fact that whilst a small scale project could be a scientific success it is likely to be 
seen as a failure if it results in very negative publicity and a hostile community. There are no obvious examples of a 
negative public view in this small scale project set, perhaps because if community opposition arises at an early stage, 
projects are abandoned before they get underway. 
2.7. Reservoir modelling and testing 
Reservoir modelling undertaken for small scale projects varies from simple analytical equations to complex 3D 
multi-phase transport models. The complexity and predictive capabilities of the reservoir model improve over the 
length of the project as new data from reservoir studies (core, logging, seismic, hydraulic testing) and monitoring 
become available for model calibration. The data sources for seismic surveys are not always clear, although more 
than 20 of the projects reviewed acquired new seismic data and several performed repeat 3D seismic surveys.  
Short-term, pre-injection injectivity tests can provide valuable data before embarking on the full injection stage 
of a small scale project to confirm that the targeted interval is suitable for the planned injection rates. The simplest 
and cheapest test is the production of formation water. Such tests have been very successfully deployed by several 
projects prior to CO2 injection. The review does point to the value of early small scale injectivity tests, prior to 
commencement of the full test. Whilst it does add modestly to the overall cost of the pilot project it can prevent the 
expenditure of a great deal of money to fully develop the project, only to find that the injectivity is too low for the 
project as planned. 
Reservoir models were used to constrain bottom hole injection pressure, injection rate, behaviour of the CO2 
plume, storage capacity, and for designing an appropriate monitoring and verification schemes. The choice of 
software appears to depend mainly on the respective operator and scientific collaborator for each project. As in any 
other modelling field, the type, resolution and dimension of the reservoir model should be appropriate to the specific 
requirements and objectives of a project. Reservoir models associated with pilot projects that have research 
objectives related to the detailed behaviour of CO2 in the subsurface (dissolution rates, residual saturation, CO2-
water-rock interactions), may require high resolution models and extensive computational effort. 
The majority of the published simulation results appear to be based on pre-injection models used for injection and 
M&V design. In most published cases, the models provided an adequate simulation of the CO2 storage process, 
particularly in the prediction of the pressure response during injection. Michael et al. [15] suggested, in 2010, that 
there is a lack of information on the calibration of numerical modelling efforts, particularly for the post-injection 
phase. However, since that time new CO2 injection projects have been completed and there are now publications 
comparing reservoir simulation results with observed data from CO2 injection pilots (e.g. 16, 17, 18). 
2.8. Monitoring 
Monitoring is usually a key purpose of a test project and typically includes a range of technologies across all 
project types (Fig. 8). Projects often require baseline monitoring which needs to start at an early stage and 
monitoring will typically extend beyond the conclusion of CO2 injection.  
Subsurface pressure measurements were performed in nearly all projects and appear to be a fundamental 
requirement of any CCS monitoring system. Pressure transients occur ahead of the migrating CO2 plume potentially 
allowing the detection of changes some distance away from the source of CO2. Subsurface temperature 
measurements were also commonly taken.  
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Over half of the projects use one or more dedicated monitoring wells. Wireline logging of wells associated with 
the injection projects appears to have increased over time, with the majority of projects operating post 2007 using it. 
Geochemical monitoring/fluid sampling of the subsurface, while a difficult and costly monitoring practice, has also 
been a common direct method of measuring changes in the subsurface during a project. Direct sampling methods 
such as U-tube sampling have provided very useful information on the processes of fluid flow and chemical changes 
in the reservoir. The use of tracers is reported by approximately half the projects. Groundwater monitoring is 
undertaken in all five types of projects (Fig 8). Soil monitoring is also fairly common, with the exception of most 
ECBM projects. Approximately one-half of all projects report undertaking some form of atmospheric monitoring, 
but few carry out biological monitoring or investigation. 
Active seismic monitoring is performed in more than half of the test injection projects. Deep saline aquifer 
storage projects preferentially adopt seismic monitoring, while storage types with an existing understanding of the 
subsurface geology such as EOR projects and/or those with a stronger geochemical monitoring program, appear less 
likely to undertake seismic monitoring.  
4D seismic is a mature technology, highly valued for CO2 monitoring as it provides a geospatial distribution of 
the plume. However, it is commonly a high cost technology and is not always suitable for onshore and nearshore 
projects due to seasonal variations in ground surface conditions (repeatability issues) or wave noise. Also, the small 
volumes of CO2 associated with small scale projects can result in plumes being below seismic detection limits. 
Other geophysical techniques such as electromagnetic, gravity and INSAR appear to have been rarely tested, 
perhaps because the small size of the injections makes a measureable change unlikely.  
3. Conclusions 
There is no such thing as the ‘perfect project’ that can be used as a template for establishing the technical or other 
parameters for a successful project. What this review has provided is an indication of how a project might be 
organised and undertaken, the conditions that might prevail (depth, amount of CO2 likely to be injected, injection 
rate, timing, cost, etcetera) and the range of technologies that might be deployed (Table 1). These parameters will 
vary depending on the objectives of the project and the particular features of the site. Nonetheless, the information in 
this paper offer a guide to the technical, scientific and operational parameters of projects that have been successfully 
undertaken and some general observations can be made regarding the factors that contribute to the success of a small 
scale injection projects: 
• Clear project objectives agreed to by all participants from the start;  
• A site identified as likely to be geologically and logistically suitable; 
• Affordable and adequate supply of CO2;  
• Key stakeholders, especially the local community, effectively engaged at an early stage; a 
communications strategy in place; 
• Decision-making process and key milestones are clear; agreement on liability issues; 
• Governance structure and lines of responsibility defined; 
• Regulator fully engaged, with regulations and key performance indicators in place; 
• Budget and funding in place with adequate coverage for contingencies; 
• Appropriate baseline studies initiated early in the project; 
• Realistic project time frame is agreed;  
• Scientific objectives and strategy for achieving them in place; 
• Outstanding scientific team assembled, with the necessary range of skills; 
• Database developed for all scientific, operational and other project information; at a very early stage 
have very clear protocols for data collection, dissemination and curation; 
• Basis for all key decisions clearly documented; 
• Best practice will be followed at all times for health safety environmental issue and operations; risk 
assessment and risk management embedded within all aspects of the project;  
• Clear protocols for commencing, suspending and concluding injection, well closure and abandonment; 
• Transparency in the disclosure of monitoring results; 
• Knowledge of natural variability, both temporal and spatial, for all key parameters; 
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• Adequate provision for publication of a comprehensive “close out” report;  
• Operational details should be captured, including closure and abandonment; 
 
Project type 
Project parameter 
DSA EOR DOGF ECBM Basalt 
Max. number of projects 18 9 4 11 2 
Time (start of injection) (years) 3 2-3 3 3 5-6 
CO2 source Multiple Geological Natural gas Multiple Food/Magmatic 
Transport Mainly truck Pipe + truck Onsite Truck ? 
CO2 injected (tonnes) 15,000 20,000 64,000 2000 2000 
Injection rate (tonnes per day) 127 74 84 31 36 
Injection pressure (psi) 1662 1240 1980 1995 362 
Injection depth (m) 1600 1600 2900 700 700 
Cost US$ 12 12 60 6 17 
Percentage of projects using the specific technology 
Downhole seismic 100 40 100 40 50 
Groundwater monitoring 70 80 50 80 100 
Soil monitoring 40 100 70 30 100 
Atmospheric monitoring 60 60 50 30 100 
Biological monitoring 20 0 20 40 100 
Tracer analysis 40 40 20 60 100 
Electromagnetic 20 10 0 0 0 
Gravity 0 20 0 0 0 
Pressure logging 100 70 100 100 100 
Thermal logging 90 60 100 100 50 
Wireline logging 90 70 80 40 100 
Observation well 60 40 80 80 50 
Geochemical 80 60 100 100 100 
INSAR 0 0 0 10 0 
Reservoir modeling 90 90 100 100 100 
Coring 100 60 100 100 0 
Reflection seismic 100 60 100 60 0 
Geological model 90 80 100 90 50 
 
Table 1. Project parameters according to type of storage project. DSA- deep saline aquifer; EOR – enhanced oil recovery; DOGF – depleted oil 
and gas field; ECBM – enhanced coal bed methane recovery; Basalt 
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